M.g. Mossakowski, K. Renkawek, Z. I~h'agnicka, M. Smiatek, and A. Pronaszko : hepatogenic encephalopathy. The most striking feature, pointed out by many authors (Stadler, 1936 ; Adams and Foley, 1953 ; Ba]tzan, Olszewski, and Zerwas, 1957) is the great similarity, if not identity, of glial abnormalities occurring in both conditions, one of which is a genetically induced metabohc disturbance, while the second one is caused by various, nonspecific liver injuries. This similarity may go so far that morphological differentiation of some cases of hepatogenie encephalopathy from the pseudosclerotie form of Wilson's disease is impossible without additional biochemical studies.
The essential feature of gliopathy common for both abnormalities consists in the coexistence of generalized regressive and progressive changes in glia, mostly astrocytes, and in the occurrence of special glial forms known in the neuropathological literature as Alzheimer cells, type I and II, and Opalski cells.
Itistochemical studies (Inose, 1952 (Inose, , 1962 Okinaka, 1962; Mossakowski, 1965 Mossakowski, , 1966 show that these morphological changes are accompanied by disturbances in the carbohydrate metabolism of astroglia, such as accumulation of glycoprotein substances in the cytoplasm of Opalski cells. In cases of Wilson's disease these substances are associated with copper ions. Moreover, glycogen inclusions in the nuclei of Alzheimer cells, type II, were observed in cases of portosystemie and hepatogenic encephalopathy.
According to the commonly accepted opinion, the glial abnormalities in hepatolenticular degeneration are due to copper ions accumulated in excess in the brain tissue, while those in all types of hepatogenic eneephalopathy are caused by ammonium circulating in the blood, which penetrates the central nervous system. Porter (1964) , Vogel and Kamperer (1963) and Bessman (1955) explained the identity of Wilsonian and hepatogenic gliopathy by the fact that both copper and ammonia injure the same or neigbouring links of the electron transport in the citric acid cycle.
The objective of our experiments was to establish the direct effect of sera from patients with hepatolentieular degeneration as well as with hepatic coma on glial tissue cultured in vitro ; that is in condition when the nervous system elements are lacking any barrier system. These experiments were supplemented by studies on the direct effect of copper and ammonia ions as such introduced into normal culture medium in amounts corresponding respectively to that of copper in the brain tissue in cases of Wilson's disease, and to that of ammonium in the blood in hepatic coma.
Material and Methods
The experiment was carried out on cultures of glial cells of newborn rat cerebellum. The glial tissue was cultured in standard for this Laboratory conditions (Kra~nicka and Mossakowski, 1965) . The scheme of the experiment is given in Table 1 . Over one thousand cultures were used.
The cultures were studied by histological, histoehemical and enzymehistoehemical methods ( Table 2) .
The histochemical studies aimed at comparing the pathological changes obtained in the cultures with those described by us in Wilsonian and hepatogenie encephalopathy (Mossakowski, 1965 (Mossakowski, , 1966a .
The enzyme histochemieal studies, involving selected enzymes from oxydo-rcductive and hydrolytic groups, were performed to reveal histochemical abnormalities in the activity of 753--760 (1958) .
b Scarpelli, D. G., Hess, R., Pearse, A. E. G. : The cytochemical localization of oxidative enzymes. J. biophys, biochem. Cytol. 4, 747--752 (1958) .
c Holt, S. g. : Factors governing the validity of staining methods for enzymes and their bearing upon Gomori acid phosphatase technique. Exp. Cell Res. Supp. 7, 1--28 (1959) . these enzymic systems the damage of which could be expected from the evidence of previous biochemical studies on nervous tissue in situ.
Quantitative studies of the copper and ammonium levels in the culture medium, were carried out at the beginning of culture and at every change of medium after a 3-day survival of the culture. Quantitative analysis of the copper level was carried out photometrically according to the Eden-Green method (1940) in a "Fek" photometer at a wavelength of 480 m~. The ammonium level was determined after Jouany and geyni6 (1959) at 400 mp. wavelength.
Results
The fundamental pattern of pathological changes obtained was identical in all experimental groups. In all cases the typical damage to astrocytes consisting in generalized progressive loss of cellular processes was found; the picture corresponded morphologically to klasmatodendrosis described in the central nervous system in vivo. On the background of those generalized changes, numerous typical Opalski cells were visible ( placed nuclei (Fig.2) . The Opalski cells very often were multinuclear (Fig.3 ). Sometimes they showed short, residual processes (Fig. 4) . Another characteristic glial element observed in our material were the so-called intermediate cells which seem to represent a transition between normal astrocytes and typical Opalski cells. They were usually smaller than the latter and were distinguished by abundant rather homogeneous cytoplasm. The single nuclei were as a rule larger and centrally placed. Very typical for this group of abnormal glial cells were numerous, short, thick, club-like processes (Fig. 5) .
Changes which could correspond to typical Alzheimer cells, type I, were found very seldom. On the other hand, one could observe numerous sharply delineated nuclei, poor in chromatin and similar to Alzheimer cells, type II, also known as naked nuclei (Fig. 6) .
As a rule in all experimental groups the number of typical pathological astrocytic forms was greater in young cultures. No noticeable abnormality in oligodendroglia was found in any of the experimental groups.
Itistochemical and enzyme histoehemical analysis concerned mostly Opalski cells, intermediate cells and those of Alzheimer type I. The cytoplasm of Opa]ski cells was filled with abundant, coarse PAS-positive granules, which were not glycogen. True glycogen deposits were found very rarely. PAS-positive granules filled usually the entire cell cytoplasm (Fig. 7) , sometimes only being limited to the direct vicinity of the nuclei (Fig. 8) . The intracytoplasmic granules showed also the Danielli and FAN-positive reaction. The cytoplasm of Opalski cells contained also Aleian blue-positive granules ; these were usually finer than the PAS-positive ones and differently distributed. This might suggest that we are dealing here with two different types of carbohydrate substances. In some cells instead of granular Aleian blue-positive material fibrillary conglomerates also positive in this staining were present (Fig. 10) .
As a rule Opalski cells did not contain any lipid substances. Occasionally Sudan black B-positive granules were seen, mostly in those cells, which underwent other, for instance vacuolar types of degeneration (Fig. 9) .
The intermediate cells as regards their histoehemieal reactions, behaved more or less like the Opalski cells. As a rule they were Sudan black B-negative, the amount of PAS-and Alcian blue-positive granules was less constant than in typical 0palski cells.
The sporadically met Alzheimer cells, type I, showed no PAS-and Aleian blue-positive material.
In none of the experimental groups did intranuelear glycogen deposits in Alzheimer cells, type II occur. Neither was intraeytoplasmie copper accumulation in Opalski cells found histoehemically.
A high activity of glucose-6 phosphate dehydrogenase (G-6 PDtt) was typical for 0palski cells and exceeded by far that of unchanged glia : fine granular formozan deposits filled uniformely their cytoplasm ( great variability as far as G-6 PDH activity was concerned; the reaction intensity varied within a wide range from that typical for normal astroeytes, to that characteristic for Opalski cells, the latter type of reaction prevailing.
Sueeinie dehydrogenase activity (SDIt) in Opalski cells was low, much lower than in normal astrocytes in tissue culture. The irregular intraeytoplasmie distribution of SDH activity was the most typical picture. Fine formozan granules were as a rule localized in the cell centre (Fig. 12) . The intermediate cells showed also a marked reduction of SDtI activity as compared with normal astrocytes ; however, a wide variability in the enzyme activity was a typical feature for them.
The most striking feature in all experimental groups was a marked reduction in the activity of glutamic dehydi'ogenase (GDtI) ; this concerned both all abnormal glial cells and astroeytes without morphological abnormality. The enzym activity reduction was most evident and constant in Opalski cells. A number of these, especially in the group to which exogenie ammonium was added, showed only slight traces of enzyme activity (Fig. 14) . The GDIt activity in intermediate cells was slightly higher.
The acid phosphatase activity in Opalski cells, and to lesser degree in intermediate cells, showed wide variations in the intensity of the reaction, and irregular distribution in cell cytoplasm. As a rule the reaction was more intensive, than that in normal astrocytes (Fig. 15) . It appeared in the form of irregularly distributed, spotty accumulation of coarse granular products of an enzymatic reaction (Fig. 16) . The intermediate cells reaction was usually weaker than that of Opalski cells. The enzyme activity was equally distributed in the cell cytoplasm. In none of the experimental groups was the activity of the above named enzymes detected in Alzheimer cells type II, what seems understandable in the light of their morphology.
Despite the general common pattern of morphological, histoehemieal and enzyme-histoehemieal changes found in our experiments, there were some marked differences between experimental groups. These concerned mostly the time of appearance of the characteristic glial changes, the proportion of various glial abnormalities, the intensity of degenerative and progressive changes, and to a lesser degree, the intensity of some enzyme activities.
The culture group with serum added from patients with hepatolentieular degeneration, was the closest to the above presented pattern. Typical glial abnormalities oeeured on the fourth day of the experiment. Among the eharaeteristie glial abnormalities, Opalski and intermediate cells prevailed. Alzheimer cells type I I were less numerous. Alzheimer cells type I, although rare were more common thanin other experimentalgroups. The abnormal astrocytie forms occurred against the background of unchanged astroeytes and oligodendroeytes.
In the group of cultures to which serum from patients with hepatic coma was added, pathological changes were present as early as after 48 hours. Alzheimer cells type I I were present more often than in the previous group. They were mostly grouped together, occupying large areas of the culture. Transitory cells were less common. Hypertrophied astroeytes, differing from normal glia by their high enzymatic activity were very numerous. The abundance of adendritie, hypertrophied astroeytes presented a typical feature. The group of cultures to which copper acetate was added showed massive pathological changes, already after 48 hours. These eonsisted in the appearance of numerous Opalski and intermediate cells, as well as nonspeeifie degeneration of astroeytes, mostly of fatty type. Alzheimer cells, type II, were less common. Hypertrophied astroeytes were less numerous than in the previous group. The GDH activity in Opalski and intermediate cells was higher than in any other of the experimental groups (Fig. 13) .
In the culture with ammonium chloride added, pathological changes appeared already after 24 hours. Nonspecific degeneration of astrocytes dominated the morphological picture. from that, which was described previously by us (Kra~nicka and Mossakowski, 1965 ; Mossakowski et al., 1965; Renkawek and Mossakowski, 1946 ; Renkawek, 1967) as typical for glial cultures.
Biochemical Observations
In the culture medium with normal human serum, used in all the control groups, the average copper content was 1.02 y/ml (0.7--1.3 y/ml). After 3 days of culturing the copper level increased slightly. The average increase was, however, statistically nonsignificant.
In the culture medium with serum from patients with Wilson's disease, the average copper level was 0.42 y/ml (0.00--1.0 y/ml). After 3 days of culture the average copper content increased to 0.71)J/ml (0.36--1.25~/m1). This copper content increase was statistically significant.
The culture medium with serum from patients with hepatic coma, contained around 1.16 y of copper per milliliter, while after 3 days of culturing the average level was 1.33 y/ml.
In the group of cultures with copper acetate added, the average copper level in the medium before culture was 45.9 y/ml (42.0--54.3 y/ml) ; that after 3 days of culture reached 33.62 y/ml (30.0--38.0 y/ml). The average reduction of the copper level during culturing was 26.75o/0, a statistically significant value. A similar reduction of the average copper content was also observed in cultures with 500/0 of the normally used copper salt added.
The average level of ammonium chloride in group IV of cultures was 97.65 rag-~ (90.2--108.5 mg-~ corresponding to about 31.09 rag-~ of ammonia. After 3 days of culture the average ammonium chloride content was 89.88 mg-~ (86.49--93.27 mg-~ The reduction of the ammonium chloride average content was statistically nonsignificant. Neither were statistically significant differences observed in the groups with 50 and 10~ of ammonia.
The results of biochemical observations are summarized in Tables 4 and 5 .
Discussion
Our observation indicate the possibility of experimental, in vitro, reproduction of the same types of glial tissue abnormalities, which are typical for spontaneous and experimental hepatic encephalopathy, and for hcpatolenticular degeneration. 1.77 p> 0.5 arithmetic mean; C standard deviation; m standard error of mean; p significance of difference; t Student's t transition between normal or hypertrophied astrocytes, and fully developed Opalski cells. The pathological changes observed in the tissue cultures are in other respects identical, both morphologically and histochemically with those described by Mossakowski (1965 Mossakowski ( , 1966a in situ in the respective diseases. To our knowledge enzyme histochemical studies in tissue in situ have not been undertaken solar, except for a short note of Friede (1965) , concerning the DPN-diaphorase activity in Alzheimer cells type I, in a case of Wilson's disease. The only difference in the tissue culture material as compared with the changes observed in situ, is the lack of glycogen inclusions in the naked nuclei (Inose, 1962 ; Okinaka, 1962; Mossakowski, 1966a) and the absence of Sudan black-B-and PAS-positive granules around Alzheimer cells, type II. The latter seems to be the result of dissolution of these granules in the liquid medium of the culture.
Thus we feel authorized to consider our observations as foreclosing the discussion concerning the astrocytie (Opalski, 1930; Inose and Tsuda, 1963; Mossakowski, 1965) or the histioeytie (Kryspin-Exner, 1930; Greenfield, 1958) The fact, that these characteristic glial forms are induceable in the tissue culture with sera from patients with hepatolenticular degeneration and/or hepatic coma indicate the presence of a pathogenic factor or factors in the patients blood. Identical in their nature, although varying in their intensity, the changes found in the cultures with normal human serum to which exogenous copper and ammonium ions were added, also indicate, that these two substances might play the role of a direct pathogenic factor. This supports the earlier hypotheses resulting from the biochemical studies of Cumings and Kremer (1959), McDermott (1958) , Bessman and Bessman (1955) , Vogel and Kemperer (1963) , Porter (1964) and others.
Each of our experimental groups exhibits remarkable differences as far as intensity of degenerative changes is concerned.
The most pronounced changes occur in the groups with exogenous copper and ammonium ions. This seems to be related to the highest concentration of pathogenic substances, corresponding, as mentioned previously to the average concentration of copper in the brain of patients with hepatolentienlar degeneration and to the average level of ammonia in the blood of patients with hepatic coma. The pathogenic role of the concentration of both toxic substances is clear as shown by the less intensive changes observed in the experimental groups in which the copper salt concentration in the culture medium has been reduced to 500/0 of its standard level, or the amount of exogenous ammonia to 50 and 10~ of the standard.
The least intensive pathological changes, though the most typical ones, as far as their morphological spectrum is concerned, occur in the group of cultures in the serum from patients with hepatolenticular degeneration. The preponderance of pathological changes in the group with serum from comatous patients might be possibly explained in two ways. One is the toxic effect of ammonia as such is stronger than that of copper, the second explanation is that in case of hepatic coma we are dealing with a combined toxic effect of increased ammonia and copper concentrations, as it has been shown by Holmberg and Laurell's studies (1954) . Our own findings (see Table 4 ) also support this observation.
It seems however, that in the ease of a toxic effect of copper, the type of its linkage with proteins plays a role at least as important as its absolute concentration. This is suggested by the presence of typical glial changes in the experimental group with serum from patients with Wilson's disease, in which the absolute copper concentration was lower than that in normal human serum used in the control groups where no specific glial abnormalities were noticed. However in normal conditions 95% of the serum copper is bound to coeruloplasmin in the form of a stable compound (Cartwright, 1950) , while in Wilson's disease, as a result of abnormal coeruloplasmin synthesis, one third of the total serum copper is bound to albumins in the form of an unstable, easily dissociating compound. Brain tissue reveals a great affinity to the direct serum copper (Beam and Kunkel, 1954a, b) . This seems to be true also for the tissue culture conditions, as indicated by the remarkable statistically significant decrease of exogenous copper (260/0) in the culture medium during culturing. Therefore one can assume that even at low total copper concentration in patients with hepatolentieular degeneration, a significant proportion of direct copper might lead to severe, typical abnormalities of astroeytes in the tissue culture.
The pathomechanism of glia] changes due to both toxic substances is undoubtedly complex and difficult to elucidate on the basis of our experiment. Wc are only able to suggest some hypothetical possibilities. Our histochemical observations indicate a decrease in the activity of two enzymes that is of succinate and glutamie dehydrogenases. Our findings support and enrich in cytological aspects the previous biochemical observations of Bessman and Bessman (1955) and Vogel and Kamperer (1964) . Disturbances in the electron transport in the Krebs cycle indicated by the above mentioned enzymic abnormalities might lead to abnormal carbohydrate metabolism in astrocytes, resulting in accumulation in their cytoplasm of substances, which histochcmica]ly can be identified as neutral and acid mucopolysaccharides. Such a possibility has been already suggested by Mossakowski (1965) on the evidence of histochemical studies on brain tissue in vivo. Our present histochemical and histoenzymological observations carried out on tissue culture seem to support this hypothesis. The essential role of astrocytes in the brain carbohydrates metabolism has been proved in Friede's (1954) and Okschc's (1961) studies. The remarkable increase in G-6-PDH activity in Opalski cells, in Alzheimer cells type I and in intermediate cells, exceeding that of normal and reactive astrocytes both in vivo and in vitro, might be an additional argument in favour of the disturbances in the normal carbohydrate metabolism, with which we are dealing in our tissue culture experiments.
LkTumcrous biochemical studies on the nervous tissue (Summer and Somers, 1953 and others) , however, indicate a multivariousness of the possible mechanism of toxic activity of both copper and ammonia. Its evaluation exceeds the possibilities of the present stage of our studies.
One more question ensuing from our observations calls for an explanation. That is the apparent discrepancy in the copper concentration bchaviour in cultures with serum from patients with hepatolcnticular degeneration and in those with exogenous copper introduced.
In the first group a statistically significant increase of copper concentration during culturing was noted, while in the second one a remarkable and also statistically significant reduction of the final copper concentration in the culture medium was encountered. It seems however that both of these findings are due to the same factors.
The final concentration of copper in the culture medium is a resultant of two opposite processes, that is the binding of copper ions by tissue proteins and the release of the autochthonous substance from the necrotising tissue. Even a very small amount of copper may lead to nervous tissue destruction (Vogel and Evans, 1961 ; Wi~niewski et al., 1965) . In the case of tissue culture, it is released into the incubation medium.
In all of our experimental groups necrosis of tissue explants was a common feature. As in normal conditions the amount of copper in the newborn rat cerebelium is very low, its release into the culture medium containing exogenous copper salt in high excess does not influcncc the final concentration of metal ions in the culture medium. The binding of metal by tissue culture prevails, resulting in the decrease of its final concentration. In the case of a very low copper content in the incubating medium as in cultures with serum from Wilsonian patients, as even small amounts of autochthonous metal released from the tissue explant, undergoing necrosis, influence the final concentration of the substance in the fluid cultm-e medium.
